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Abstract

Along with motion capture tools, ground reaction force (GRF) sensors form the crux of
objective biomechanical analysis. Advances in computer vision have significantly lowered
the costs associated with 3D motion capture, but the same cannot be said of 3-axis force
plates — the gold standard for GRF capture. If wholistic biomechanics analysis is to
become more accessible, a more affordable method of 3D GRF measurement is needed.
Single-axis loadcells are significantly cheaper than their 3-axis equivalents, though when
axes are not mechanically isolated there is the possibility for crosstalk and the absorption
of forces that cannot be measured, leading to a system that cannot be fully described
analytically - and is possibly nonlinear in its behaviour. This research investigates the
design and small-scale manufacture (to 20 units) of a low-cost force plate design which
utilises a machine learning model to overcome these limitations and estimate 3D GRF

and centre of pressure from a series of single-axis loadcells.

A literature review was performed to understand and compare the relevant approaches
to the core aspects of the project. An early proof of concept plate was built and tested
along with a simple neural network to establish the feasibility of the idea. Following
further investigation, it was discovered that the internal geometry of the plate played an
integral role in its accuracy. To this end, the force plate was simulated, and an extensive

hardware design process undertaken prior to the design of a full-scale prototype.

It was subsequently hypothesised that the ease of repetition of the design could be aided
by the development of an automated data creation rig, as well as the use of recently-
developed machine learning techniques which reduce data dependency, such as Sim2Real
transfer learning and physics-informed residual networks. A data creation rig was built
for purpose. Twenty prototype plates were built, with sixteen of them being interlinked
to create the prototype Force Floor - a large force sensing area. The performance of a
subset of these plates and their corresponding models was tested against an Advanced
Mechanical Technology Inc. (AMTI) BMS6001200 force plate, with the best obtaining
average measurement disagreements in the X-, Y- and Z-directions of 1.23, 1.08, and
1.11 percent of the full-scale force respectively (with full-scale deflections of 600 N, 600 N
and 2000 N respectively). Analysis of the project’s results was encouraging as far as the
viability of this design and approach for use in the production of an affordable 3-axis

force plate is concerned.
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Chapter 1

Introduction

1.1 Study Background and Context

Biomimetics and bio-inspired design have been key drivers of advancements in the agility
of robots in recent years. In studying the locomotion of human and animal subjects it

is useful to measure both the kinematics - the joint and limb geometry and movement -

and the kinetics - the joint actuation - associated with these movements.

The problem of obtaining the 3D kinematics of a live subject has been well studied, and
several excellent solutions exist, from visual triangulation to depth-sensing approaches
and learning-based 2D-t0-3D conversion methods [1]. Recent advances in markerless
approaches to motion capture (MOCAP) have lowered costs by removing the need for
infrared cameras, while also enabling more natural movement of subjects in environments
outside the laboratory. Markerless techniques have proved especially valuable in the
study of animals such as dogs and cheetahs - subjects that are of particular interest in
bio-inspired design because of their agility. Attaching sensors or markers to these animals
can introduce stress, or become a hindrance - thus interfering with the degree to which
the animal's captured movement matches its natural locomotion in the wild.

Studying the kinematics of human and animal locomotion involves both a MOCAP aspect
and a force/torque derivation aspect. Joint torques are di cult to measure directly in
live subjects, but if the subject geometry is known, they can be derived using inverse
kinematics calculated from inertial or ground reaction force (GRF) measurements. GRF-
based methods are of particular interest given that they do not depend on sensors being
attached to the subject, and are a good complement to markerless MOCAP systems.



1.1. STUDY BACKGROUND AND CONTEXT

Force-sensing platforms, often commercially known as force plates, are the gold stan-
dard for GRF measurement[2]{[5]. They represent a signi cant expense to any would-be
biomechanics laboratory, ranging from USD 5,000 for smaller single-axis options [6] to
above USD 40,000 for larger devices which capture 3-axis forces and moments, along
with centre of pressure (CoP) [7]. As detailed further in Section 2.2.2, attempts at more

a ordable force plates designs have shown some promise, but none have demonstrated
3-axis GRF sensing in a package that is practical for real-world use.

Figure 1.1: An image of a force plate (bottom middle) and motion capture system being
used to capture the running dynamics of a subject [8].

In order to analyse the GRFs of running subjects, a force-sensing area many times larger
than the subject is required for the natural capture of multiple foot strikes in a single
trial [9]. This is especially true in gait studies when the subject would ideally not be
aware of the boundaries of the force-sensing area. The high cost associated with 3-
axis force plates has prevented them from a ordably being used in larger arrays which
would facilitate this, even though products such as AMTI's AccuGait plates [10], or BTS
Bioengineering's INFINI-T system [11], are designed with extensibility in mind. These
factors have kept the application of force plates to the study of running animals out of
the realm of possibility for many institutions thus far.

The fundamental idea behind reducing the cost of force plate manufacture is to make an
increased surface area (with more plates) available for measuring a subject's GRFs. A
larger sensing area would likely lead to greater freedom of movement, and more natural
movement - hopefully corresponding with reduced inter-trial variance.

In force plates, the three orthogonal components of the applied force are typically taken
from the readings of four 3-axis force transducers or \loadcells" which contain piezoelec-
tric elements or strain gauges [12]. Accurate 3-axis loadcells are expensive to produce
and are thus a signi cant driver of cost in the production of force plates. For example,
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Michigan Scienti c's TR3D-A 3-Axis loadcell* retails for USD 2,925 per unit. In contrast,
single-axis loadcells are signi cantly cheaper, with units like the YZC-516C S-type load-
celP retailing for ZAR 573. When single-axis sensors are combined in a rigid arrangement
for multi-axis sensing (i.e. where the loadcells for each axis are not mechanically isolated,
whether in series or parallel), there is the possibility for crosstalk and for forces to be ab-
sorbed that cannot be measured. This results in a system that cannot be fully described
by analytical methods, and may exhibit nonlinear measurement behaviour. The alterna-
tive - full mechanical isolation for each loadcell - requires the use of non-rigid couplings
which are prone to hysteresis [13].

Given the large dierence in cost between 3-axis and single-axis loadcells, a software
solution able to overcome the challenges presented by the rigidly-combined single-axis
approach to 3-axis force sensing, has the possibility of drastically lowering unit cost.
Here machine learning (ML) approaches to the force plate inverse modelling problem (i.e.
deriving forces from sensor readings) are attractive since they are able to account for
both the nonlinear behaviour of non-mechanically isolated loadcells, as well as behaviour
which cannot be solved for analytically. As early as 1995, Lu et al [14] proposed the
use of arti cial neural networks (ANNs) as an alternative to regression for force sensor
calibration. Their work, supported by that of Yao et al [15], showed that neural networks
were better able to handle the nonlinearities often present in strain gauge-based loadcells
than other methods.

In light of the cost of producing representative system data and training ML models to
it, it is also important to consider whether ML itself is a good choice for cost reduction.
Though data capture is an additional requirement for ML solutions, this need not be
prohibitively expensive, and in essence, supplants the usual factory calibration process
required for force plates. In order to reduce the volume of data needed to t these models,
as well as the compute time required for tting, a focus of this work will be on exploiting
neural network techniques such as transfer learning and residual learning which mean the
model is not trained from scratch for each new plate.

In summary then, this dissertation investigates methods by which an a ordable (in the
region of ZAR 10,000) force plate might be scalably manufactured and used in a labora-
tory setting. The working principle being a machine learning model trained to map a set
of single-axis loadcell readings to the applied 3D force vector and its CoP.

Ihttps://www.michsci.com/products/transducers/load-cells/three-directional-load-cells/
tr3d-a/
2https://lwww.robotics.org.za/YZC-516C-500KG
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1.2 Related Work

The present work builds on that of Teversham [16], whose proof of concept was focussed
on the ML aspects of the system. The results of that work were promising, reporting
an F, root-mean-squared error (RMSE) of 0.477 % of full scale. There remained factors
to be explored around hardware design, however, and the data generation process relied
on human force input, which is not well-suited to multi-unit manufacture. Thus, the
scalability of the data generation process left room for improvement. The nal hardware
output of Teversham's work is illustrated in Figure 1.2.

Figure 1.2: The result of prior work towards a low-cost force plate underpinned by a
machine learning model, developed by Teversham [16].

In addition to Teversham's work, Barnett et al [17] concluded a clinically-focused eval-
uation of the design, comparing it to an AMTI BMS6001200 force plate owned by the
University of Cape Town (UCT). After the conclusion of said work, it was found that

- unbeknown to its authors - one of the plate sensors had worked loose at an unknown
point during data capture, calling the validity of the results into question. In Section 4.1
this study is repeated with alternative experiments using the same hardware in order to
validate the hardware and model design.

1.3 Problem De nition

The problem that this project aims to tackle is to design and test an a ordable system
for the measurement of 3-axis GRFs over a large area - an arrangement referred to as
the \force oor". Given their usefulness across many di erent subject types, and the
lack of need for on-body sensors, a force plate was chosen as the functional unit of this
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force-sensing area. For the purposes of this project, \a ordable" has been set as a design
with parts and assembly costing in the vicinity of ZAR 10,000 per plate - at current
exchange rates, a nearly 9-fold cost reduction relative to the USD 5,000 single-axis plates
described previously. This excludes potential additional costs such as business operations,
calibration procedures and external veri cation were the design to be commercialised. As
mentioned, this study builds previous works, and here a similar approach to cost reduction
will be taken - few low-cost, single-axis sensors will be used, and will be arranged so as
to allow three-axis force sensing. Since this will involve o -axis loading of the sensors,
possibly leading to nonlinearities, the properties of the applied load will be estimated
with a machine learning-based approach.

The key research question to be answered is whether such a design can be produced in
a scalable manner - i.e. whether methods can be devised for an array of 20 force plates
to be manufactured and calibrated cost-e ectively. Given the large data requirements
of learning-based models, an important aspect of answering the research question lies
in establishing the degree to which reliance on plate-speci ¢ data (real plate behaviour
examples from a speci c plate, rather than synthetic or broadly representative set) can
be reduced, and/or the data-creation process mechanically automated to reduce the need
for human involvement.

1.4 Project Objectives and Outputs

The objective of this dissertation is to lay out the theory development and process involved
in building and testing an a ordable 3-axis force sensing area. To this end:

1. The theory and hardware components involved in making a large-area 3D force-
sensing system were investigated;

2. A plan for building such a system was developed and implemented;

3. The methods by which the system was designed and built were documented, along
with comparisons to potential alternatives;

4. Methods by which this system could be tested were created - both with simulated
and real-world data;

5. The performance of the system on these data was presented, along with a compar-
ison to existing systems.
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In order to create a working nal design, several sub-systems needed to be developed.
The basic requirements of these project outputs are now outlined.

1.4.1 Force Plate Hardware Design

A force plate was chosen as the basic unit of force capture. The outcomes for the design
were that it should:

1. Allow for the measurement of three axes of applied force;
2. Enable the measurement of the centre of pressure of the applied force;

3. Support a load comprising 2000 N in the vertical direction and 300 N in the horizon-
tal direction, with a minimum of de ection (these values represent the maximum
capacity of the UCT-owned OptoForce OMD-45-FH-2000N sensor used as calibra-
tion ground truth);

4. Be con gurable into an array of plates such that a larger force-sensing area can be
created.

1.4.2 Calibration and Data Creation Rig

In order to automate the calibration of each plate, a test rig was designed and built which
could generate the substantial amount of data needed for this process with minimum
human involvement. The outcomes for the rig were that it should:

1. Allow for the repeatable application of known forces to a force plate;
2. Cover the entire area of the plate being calibrated;

3. Allow for the logging of the centre of pressure of the applied force.

1.4.3 Inverse Force Plate Model

In order to derive estimates of the applied force and its centre of pressure from the force
plate's raw outputs, an inverse model of the force plate is required. This model should:
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1. Capture the physical characteristics of the plate and its sensors as accurately as
possible;

2. Ideally, be able to run in near-real-time to allow online estimation of the input to
force plate;

3. If possible, be interpretable to some degree to allow a better understanding of how
the model arrives at a given output, as well as how the model can be improved.
(Note that while machine learning models are typically \black-box" systems - pos-
sibly making this goal appear counter-intuitive - model explainability and intelligi-
bility run on a spectrum, and are not equivalent to - though may include - obtaining
models' analytic equivalents.)

1.5 Scope and Limitations

The end-products of this project are focused on the design of a scalably producible (to
20 units), a ordable 3-axis force plate, with a machine learning model used to estimate
the applied force vector. Accordingly, the following constraints were placed on the scope
of work. Note that all aspects not undertaken by the author are clearly mentioned as
such where relevant in the text, and illustrated in Figure 1.3.

1. An outsourced force plate design would be used for the initial proof of concept;

2. The design of the frame of the data creation rig, as well as the design and manu-
facture of the data capture electronics for the Force Floor would be outsourced;

3. A simulation would be the primary means of comparing various candidate designs
against each other;

4. The capacity of the data creation rig and parts available for it (particularly, a
2000 N OptoForce 3-axis force sensor, 8 bar Ryobi AC-2000 air compressor, and
Festo DSNU-50-50-PPV-A piston) would be the limiting factors on the size and
capabilities of the resulting force plate design;

5. The forces captured by the OptoForce sensor in the data creation rig, and an AMTI
BMS6001200 force plate owned by the University of Cape Town Exercise Science
and Sports Medicine Biomechanics Laboratory, would serve as the baseline force
values against which this project's force plate outputs would be compared.
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6. For the sake of simplicity and scope limitation, time-dependent dynamics arising
from the force plate's mechanical design were not included in the forward or inverse
modelling of the plate. As such, feed-forward, time-invariant approaches to the
problem of force plate load estimation would be used, and simulations would either
be done under static conditions or with dynamics factors tuned such that the system
settled faster than the logging frequency.

Figure 1.3: Diagram showing the scope of work to be completed. Aspects forming part
of this dissertation are shown in yellow, while the grey blocks represent outsourced work
packages.

1.6 Dissertation Outline

This dissertation is broadly structured into three sections: A preamble in which back-
ground is developed and the approach is chosen; Chapters relating to implementation of
the chosen approach, with details of the resulting designs and their performance; And
nally, a conclusion in which the results are discussed and future work is recommended.
A visual representation of this layout is illustrated in Figure 1.4, and a brief summary of
what is covered in each chapter is now detailed.

Chapter 2 - Literature Review: Details a review of literature relating to the prob-
lem of three-dimensional force capture. The theory underpinning various academic and
commercial approaches is explored. Additionally, a section focused on force plate designs
and theory is presented.
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Chapter 3 - Methodology:  Outlines the approach taken to the design of the project's
hardware and software aspects.

Chapter 4 - Plate System Prototyping and Design: Presents the testing of a
force plate system to prove the basic concept underpinning the project. Following this,
details of the design process of the plate hardware and its various iterations, the signal
conditioning and capture system, and the integration of the plates into a complete Force
Floor are presented.

Chapter 5 - Data Creation:  Presents the design of the simulation used to model and
test the plate hardware, along with the ways this was used to generate simulated plate
data. In addition, details of data creation rig, as well as the strategies utilised to generate
real plate data with it are presented. These data were then used for plate calibration and
model building.

Chapter 6 - Force Plate Model: Details the development of a model of the force plate,
which is used to infer the applied force from the voltages read at the plate's sensors. The
results of tests performed are also presented.

Chapter 7 - Conclusion: Presents a discussion of the project's key results, along

with a comparison of these to other works. Conclusions drawn from this research and
recommendations for future avenues are outlined.

Figure 1.4: Outline of the arrangement of content in this dissertation.



Chapter 2

Literature Review

2.1 Force Sensing

2.1.1 Direct Ground Reaction Force-sensing Systems

Ground reaction force (GRF) is a term used in the eld of biomechanics to refer to the
force imparted to a subject as a result of contact with the oor [18]. It is the \force
applied by the ground which is equal in magnitude but in the opposite direction to the
forces applied by the subject to the ground”, and indicates the acceleration of the centre
of mass of the subject by Equation 2.1 [19],

2 3
may
F= 9 may g (2.1)
m(a; + g)

where,
F = The three-axis force vector

m = Mass of the body
a; = Acceleration in the three coordinate axes
g = Acceleration due to gravity
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Force Plates

A force plate, or force platform, is a type of mechanical transducer, designed for use
in biomechanical evaluations - particularly those involving gait and balance assessment.
They consist of a single, rigid upper surface to which forces are imparted, and one or
more force-sensing elements which estimate the value of the applied force. As early as
1938, Elftman had devised a force plate that was able to estimate the three components
of the force applied to it using calibrated springs and visual odometry [20]. An example
of a force plate is shown in Figure 2.1.

Figure 2.1: Image of a glass-topped force plate showing the four force transducers used
in measurement [21].

Force plates are able to measure GRFs in up to three axes, and allow logging of these
data in near-real time. This output can then be analysed for inference of biomechanical
and neurological pathologies. A wide variety of commercially-available force plate designs
exist, with varying degrees of accuracy (from 1% of full-scéléo 0:023 % of full-scalé)

and portability; number of axes measured (one or three); as well as the ability to measure
moments and the centre of pressure (the intercept of the plate surface and vertical com-
ponent of the GRF vector [19]). Structures have been designed to t around force plates
to produce, among others, instrumented staircases, treadmills, handrails, and walkways
[22]{[24]. Further details around force plate design are laid out in Section 2.2.1.

Though ubiquitous and considered the gold standard of force measurement [2{[5], [9],
force plates are not suitable in all scenarios. They are expensive (commercially-available
units range from USD 5,000 for smaller single-axis options [6] to above USD 40,000 for
larger devices that capture 3-axis forces and moments, along with centre of pressure [7])
- making them not cost-e ective for use over large areas. This is compounded by them
needing to be well-mounted, ideally on a concrete substrate [9]. While large plates can
be obtained (for instance AMTI markets a 207 m-long platé), with larger sensing areas
comes additional mass, resulting in reduced natural frequencies.

Ihttps://www.btsbioengineering.com/products/infini-t-force-platform/
2https://Iwww.hawkindynamics.com/hd-force-plates
3https://www.amti.biz/product/eq4602070/
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Instrumented Shoes

Various alternatives to force plates for gait assessment have also arisen in the literature,
including but not limited to instrumented insoles [25], [26] and horseshoes [9], as well as

a pressure-sensing shoe [27]. These designs use loadcells, pressure sensors, or ber Bragg
gratings (FBGs) to measure the GRF of the subject.

Perino et al [9] obtained discouraging results in testing their horseshoes, and recommend
against using their system (which uses pressure sensors) for clinical horse assessments.
They obtained errors in excess of 20% in the vertical direction over a 5000 N full-scale
range.

For their insole design, Dyer and Bamberg [25] do not quote a force accuracy metric,
while Tavares et al quote a RMSE of 19 % in the vertical direction and 153 % in the
horiztonal. The FBGs used by Tavares et al are interesting in light of their being able to
sense multiple directions of applied force with a single sensing element, though they are
limited in their bandwidth - they report 0:44 s load relief times [26].

A benet of these approaches lies in their being attached to the subject (though this
makes them unsuitable for some animals or for wheeled robots), meaning that a small
sensing area can be used for a much larger range of subject motion than is the case
with static GRF measurement methods. Their mechanical simplicity (being made of
sensors embedded in a substrate) also corresponds to low costs - Dyer and Bamberg's
instrumented insoles cost USD 150, for instance [25].

Robotic Foot Sensors

The GRF at each foot of a legged robot is a useful feedback mechanism for establishing
whether the foot is in contact with the ground, as well as gauging the overall balance of
the robot. The need for the sensors used in such applications to be small and light so as
not to hamper locomotion has led to many innovative force sensor designs.

Chuah and Kim [28] describe a design incorporating an array of nine barometric sensors
embedded in exible elastomer. Variations in force applied to the external membrane of
the elastomer result in unique changes in the pressures measured at each sensor. The
result is a sensor that is both lightweight € 100g) and low-cost € USD 100). They
trained an arti cial neural network (ANN) to learn the mapping between pressures sensed
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and force applied, and achieve an RMSE of&b % for vertical loads of up to 300N, and
RMSEs of 369 % and 591 % in the X- and Y-directions respectively for loads of up to
80 N. A schematic image of their design is shown in Figure 2.2.

Figure 2.2: An image showing a side view of the Chuah and Kim's robot footpad design.
Using an ANN, variations in pressure sensed by an array of barometric pressure sensors
are mapped to speci c values of applied force. [28]

Wang et al [29] and Tomo et al [30] describe designs involving a 3D Hall sensor and magnet
embedded in deformable elastomer. As forces are applied to the elastomer, the position
of the embedded magnet changes, corresponding to changes in the sensed magnetic eld,
as illustrated in Figure 2.3. Both derive these correlations by tting a polynomial model
with the moving least squares method. Though very precise (Wang et al state vertical
load measurement resolution of:04 % of FS, for instance), Hall sensor-based designs are
limited by their sensitivity to interference from environmental electromagnetic radiation
and magnetic eld distortion by nearby ferromagnetic materials.

Figure 2.3: lllustrations of the magnetic footpad sensor designed by Wang et al showing
(a) a schematic of the unloaded sensofh)) the sensor loaded in the Z-direction andc)
Y- and Z-direction loading [29].

The primary bene t of the designs presented lies in their being exible - which makes them
particularly well-suited to use in robotics where this allows surfaces to be gripped by the
sensors themselves. This exibility is also a drawback as far as bandwidth is concerned,
along with hysteresis arising from viscoelastic creep (quoted ast30 by Wang et al).
Additionally, the load ranges of these designs are limited - 400N for Chuah and Kim's
design, and 33N and 1422 N for those of Wang et al and Tomo et al respectively.

13
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2.1.2 Inertial Systems

Inertial measurement units (IMUs) - devices including miniaturised gyroscopes, accelerom-
eters, and/or magnetometers - have become a popular method for indirect estimation of
GRF [31], [32]. Using methods ranging from rst principles physics derivations to learn-
ing models, impressive results have been obtained - achieving RMSEs as low:88¢of
bodyweight (BW) from only three sensors [33]. Recent studies utilising machine learning
have achieved RMSEs of 10% of BW from a single sensor [34].

Inertial systems are attractive for applications outside the lab in that they allow the
subject to move freely. Their primary drawback is the requirement that the sensors must
be attached to the subject - an issue of particular concern when studying animals to
whom this would be an irritation. Gyroscope drift and magnetic distortion also present
a challenge in implementing IMU-based systems reliably without regular re-calibration.

2.1.3 Visual Systems

Several studies have shown the feasibility of estimating 3D GRF from 2D video of a
subject in tasks such as walking, running and sidestepping [35[{[37]. These systems
achieve normalised RMSEs ranging from 9% in the vertical direction to 13% in the
horizontal directions. The basic principle is one of using an ANN to extract the subject's
centre of mass from each video frame, and to then map its movement over time, modelling
the body as a spring-mass-damper system. The promise of truly unconstrained GRF
capture a orded by these techniques is attractive, though the technology requires further
re nement in terms of its accuracy and applicability to non-human subjects.

2.1.4 Commercially-available Force Transducers

Strain Gauge

Strain gauges, illustrated in Figure 2.4, are resistive force transducers independently in-
vented in 1938 by both Edward Simmons Jr. and Arthur Ruge [19]. Given that a conduc-
tive material's resistance changes in proportion to its length by Equation 2.2, by a xing
these to a deformable substrate, the strain applied to the substrate can be measured - and
by extension, the applied force. They are prized for their excellent linearity in Wheat-
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stone bridge con guration - with nonlinearity measured at @03 % at a working range of
30,000 microstrain [38]. They are simple to use and are used as the basis of force-sensing

tools from household scales to high-end force plates. They have even been used to mea-

sure in-vivo forces experienced by arti cial hipfiodgeContactPressuresHuman1986

Achilles tendonszhangTechniquesVivoMeasurement2021 , and metatarsal bones in

the foot arndtComparisonExternalPlantar2003a

L
R= — 2.2
A (2:2)
where,
R = Resistance
= Resistivity
L =Length

A = Cross-sectional area

Figure 2.4: lllustration of a bonded single-axis strain gauge foil. Strain in the substrate
will cause a change in length of the strain gauge wire, resulting in a change in its resistance
[39].

The aforementioned Wheatstone bridge is an arrangement of matched resistors, with at
least one of them being a sensor element [40]. A full-bridge arrangement would involve
four matched strain gauges placed in opposing directions on a workpiece, forming part of
a bridge circuit as shown in Figure 2.5. This results in a design that is highly linear, and
is tolerant to o -axis loading and changes in temperature.

Strain gauges have been built into a multitude of di erent loadcell morphologies with var-
ious sensing directions and mounting options, designed for di erent applications. These
include beam, S-type, button, and ring shapes. Images of these are shown in Figure
2.6. Besides those designs mentioned in Section 2.1.1, several novel alternatives to strain
gauge-based force sensing have arisen in recent years - many motivated by the desire for
higher spatial resolution, lower weight, or less noise.
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Figure 2.5: lllustration showing a Wheatstone bridge circuit (left) and its corresponding
physical arrangement (right). [39].

Figure 2.6: Images of di erent commercially-available strain gauge-based loadcell shapes.
[41].

Optical

Sferrazza and D'Andrea [42] describe an optical tactile sensor for use in robotics appli-
cations that utilises a camera to capture the arrangement of a sea of coloured beads
distributed within transparent gel, as shown in Figure 2.7. They preprocessed the image
data with an optical ow algorithm to track the position of each bead, and then trained

a neural network to associate the outputs of the optical ow step with the position and
vector of an applied force.

Tar et al were granted a patent in 2016 [44] for their design of an optical force transducer
whose working principle uses sensors to capture the position of a beam of infrared light
re ected o a hemispherical dome. The position of this beam is then used to estimate the
displacement - and hence force - of the dome. This was the intellectual property around
which the OptoForce company was built. An illustration of the design is shown in Figure
2.8.
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Figure 2.7: lllustration of a force-sensing device described by Sferrazza and D'Andrea
[43]. The camera captures the positions of the beads suspended in the gel layer, which
are then correlated with the applied force by a neural network.

Figure 2.8: An illustration of the OptoForce loadcell, designed by Tar et al. An infrared
LED is shone towards a re ective dome, and the position and intensity of the re ection
used to estimate the applied force [45].

Hall E ect / Magnetic

Hall sensors have also been used in more traditional loadcell designs than that described
in Section 2.1.1. A patent [46] held by AMTI (and seemingly used in many of their
force plates [47]) describes the use of Hall e ect sensors to measure the displacement of
bodies relative to each other to derive force applied to a loadcell. Calisch [48] presents a
six-axis force/torque (F/T) sensor design that uses four xed 3D Hall sensors to measure
the orientation of the receiver relative to four magnets mounted on it. An image of this
design is shown in Figure 2.9.
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Figure 2.9: lllustrations of a Hall sensor-based loadcell described by Calisch [48]. 3D Hall
e ect sensors (green) are used to measure the position of the magnets mounted on the
receiving element (dark grey).

Piezoelectric

Piezoelectric crystals, rst used for force sensing by Walter Kistler in the 1950s [19],
produce an electrostatic charge when mechanical stress is applied to them [49] and can be
incorporated into force transducers (see Figure 2.10). This charge cannot be maintained
inde nitely, resulting in sensor drift that requires regular zeroing [50]. The mechanical
properties of quartz crystals make piezoelectric loadcells excellently suited for applications
where small size, high sti ness, durability under repeated loading, or a particularly high
natural frequency is required [51]. According to Kleckers [50], in order to produce linear
results, the crystals must be precision-machined to create a smooth surface for bonding to
a housing and electrodes. They can also be pre-stressed in order to improve contact. This
factor plays a role in the increased cost of piezoelectric sensors relative to alternatives.

Figure 2.10: Image of a cutaway in a piezoelectric sensor. The piezoelectric elements are
quartz crystals that produce a charge when placed under mechanical stress [50].

2.1.5 Summary

Strain gauge-based sensors show excellent linearity, low cost, and widespread commercial
availability in a variety of form factors. In contrast to optical methods, they provide a
large measurement range, and unlike piezoelectric designs, do not exhibit drift.
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2.2 Force Plates

2.2.1 Force Plate Design

An exploration into the design of force plates is now detailed. The writing of this section
was greatly aided by - and is partly based o - Challis' work on the matter in [19].

Plate Hardware and Geometry

According to Challis [19], the ideal force plate should have these properties: \rigid, strong,
imperceptible displacement, high natural frequency, no cross-talk between axes, easy and
stable calibration, and light." Rigidity, strength and low displacement are important to
make the plate a natural surface for walking over. It shouldn't a ect the stride of the
subject. The natural frequencyf , limits the maximum frequency of motion information
that can be captured, so the higher the better.f,, is proportional to the mass of the
moving parts of the system by Equation 2.3,

r

(2.3)

3| x|

1
fn:2_

where,
k = System sti ness / spring constant

m = Mass of moving parts

As such, it is bene cial to keep the mass of the top plate low. Challis quotes most human

motions as having frequency content below 50 Hz, and the natural frequencies of most
well-mounted commercial force plates as being above 300 Hz. Lastly, calibration stability

refers to how well a plate holds its calibration.

Many commercial force plate designs utilise a geometry involving four loadcells towards
the plate corners, sandwiched between a top and bottom plate. This basic con guration
is shown in Figure 2.11. Instead of a bottom plate, some have the loadcells attached to
feet in direct contact with the oor. This is largely down to application, with the former
design more suited to gait studies, where horizontal loads may be signi cant, and the
latter commonly seen in plates used in static or jumping tests where horizontal loads are
small or unimportant.
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Figure 2.11: An illustration of the basic design of a typical force plate - four loadcells
sandwiched between two plates [19].

Loadcell Type and Output Derivation

It is advantageous to make use of 6-axis (i.e. 3D F/T) loadcells in the design of a force
plate, as this allows the applied forces and moments to be calculated directly. The CoP
can then be derived as the position at which the measured force would produce the
measured moment about the plate origin, as in Equation 2.4 (adapted from [52]). This
is the approach taken by AMTI, whose plates outpufy, Fy, F,, My, My, and M,.

2 3 2 3 2 3
c O R o

Mm=3c, of 3rb+508 (2.4)
o, oo

where,
C = centre of pressure

O = True plate origin in that axis
T, = Torque about the Z-axis

An alternative approach, taken by Kistler in the design of their force plates, is to use
four 3-axis loadcells. Knowing the sensor depth with respect to the plate surfacethe
momentsM at each loadcelli can be calculated by Equation 2.5 (adapted from [52]),

2 3 2 3
Fi(x)

Xi
9 Yi £ gFi(Y)g (2.5)
Fi(2)

M;

where,
Xi;Y; = Position of sensori relative to the plate origin

The loadcells and their mounting also play a role in the hysteresis of the plate. In force

plate terms, this is when the plate behaves di erently during loading and unloading.
Hysteresis introduces nonlinearity to the plate readings, and should be avoided.
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2.2.2 Lower-cost Force Plate Designs

The desire for more a ordable force plate designs is not new. In 1998, Cross [53], seeking
a more aordable classroom physics education aid than the USD 30,000 alternatives,
built a force plate with a set of piezoelectric sensors from ocean barometers. Rathore
et al [54], also motivated by the high cost of existing solutions, designed a force-sensing
device that included two self-made loadcells, created to aid postural rehabilitation for
below-knee amputees. Three broad approaches to cost reduction are now presented.

Three Axes from Single-Axis Loadcells

Given the expense associated with three-axis loadcells, deriving 3D forces from a set of
cheaper single-axis loadcells is attractive. In practice this is non-trivial. Mechanically
decoupling the axes of the plate while retaining adequate rigidity presents a signi cant
hurdle (see [13] for example), and the alternative (i.e. non-decoupled xation) invariably
involves the production of o -axis loads at the loadcells - potentially involving crosstalk
and nonlinearity.

Kian and Gohari [55], and Tse et al [13] present similar designs based on a 6-axis Stewart
platform, as shown in Figure 2.12. Both mention rigidity as a concern, and both designs
necessitated the use of costly machined mounts to prevent o -axis loading of the loadcells.
The nal cost of Tse et al's plate was USD 2300 [13] (no measures of plate accuracy are
given), while Kian and Gohari present neither the cost nor accuracy of their design [55].
To the best of the author's knowledge, the University of Cape Town's work is the rst

in the literature to utilise rigidly-mounted single-axis loadcells, and exploit a nonlinear
model to extract 3D force estimates from the resulting system.

Figure 2.12: Images of Stewart platform-based 3-axis force plates built around single-axis
loadcells.a) Presented by Tse et al [13] antb) by Kian and Gohari [55].
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Reduced Axes

An e ective way to reduce plate cost is to forego measurement axes. This allows for the
straightforward use of an array of normally-mounted single axis loadcells whose outputs
can be summed to obtain the total load. This approach is used by Vald's ForceDecks
plates’, the Nintendo Wii Balance board (as attested in [56]), and Hawkin Dynamics'
force plate line. If it can be assumed that horizontal forces will be small, then an
estimate of centre of pressure can be derived from the outputs of four vertical loadcells.
In contrast, Vald and Hawkin Dynamics' approach is to use two separate plates in order
to establish a single-axis balance metric that describes the subject's weight distribution
between them.

Successive Axes

An approach to obtaining three-axis force readings from single axis loadcells is to daisy-
chain successive sensors at right-angles to each other, as implemented by [57]. This
technique is widely used in the design of lower-end three-axis loadcells, where a single
sensor may be comprised of three sets of strain gauges arranged orthogonally to one
another on separate \arms". For clarity, an example is shown in Figure 2.13. A disad-
vantage of this design is above-average levels of crosstalk, since a force applied in any one
axis will always result in cross-axial loading of the others. This crosstalk can usually be
corrected to some degree with a linear calibration matrix.

Custom-Made Single-Axis Loadcells

An alternative to the use of commercially-available loadcells is to make them from scratch.

A strain gauge-based loadcell can be readily created by attaching a commercially-available
strain gauge foil to any exible workpiece. The resistance of the strain gauge will then
change as the base workpiece stretches under loading. As long as the loadcell workpiece
is accurately machined from a billet with good material consistency, and is not loaded
beyond its elastic deformation limits in use, a high degree of output linearity can be
achieved. Beingolea et al [58] used this approach to produce a force plate for under USD
100 (though it is not clear whether machining costs were taken into consideration).

“https://valdperformance.com/forcedecks
Shttps://www.hawkindynamics.com/hd-force-plates
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Figure 2.13: A three axis loadcell unit constructed with the \successive axes" approach.
Notice the spiral-like design consisting of three separate single-axis loadcell portions.

Summary

At the heart of all the reviewed methods of cost reduction lies the replacement of multi-
axis force transducers with an array of single-axis sensors. Some designs then simply
accept the loss in linearity associated with the cross-loading of force transducers, while
others prioritise sensor linearity and forgo two sensing axes.

2.3 Force Plate Calibration Approaches

Calibration is the process of establishing a relationship between the raw outputs of the
plate sensors and the true values of force and moment applied to the plate. This is
accomplished by applying known loads to the plate and recording the output. Once
the forces and moments are calculated, calibration serves to correct scaling and remove
crosstalk and nonlinearity in the resulting readings.

2.3.1 Linear Calibration

According to Scorza et al [59], linear calibration and crosstalk compensation models are
assumed in force plates. A linear calibration for a single axis (of six - three forces and
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three moments), which transforms some sensed val8e with scaling a; to a known load
L, and includes consideration of crosstalk (sensd8s with in uence a, i =1 6) would
take the following form:

L1= a11S1+ anSy + @3Sz + anSs + a51Ss + a61Se (2.6)

By extending this to all six axes, where the vector output. = [Fy; Fy; F;; My; My; M,]T,
a calibration which is the linear combination of each axes' raw values and a set of
scaling factorsA can be created with the form:

L=AS (2.7)

For n di erent applied test loads then,L and S become 6 n matrices, and the calibration
matrix A can be calculated with the Moore-Penrose inverse by:

A =LST(ss") ! (2.8)

2.3.2 Regression and the Method of Least Squares

A linear calibration assumes that the output of each sensor is linear under all loading
scenarios - though this assumption is not likely to be true in reality. Regression-based
approaches use optimisation methods to t a given set of equation coe cients to known
outputs by minimising the error over a given set of examples. This allows the model to
be nonlinear or a linear combination of functions, which may result in a more accurate
calibration. The method of least squares is a common way of solving for the optimal set
of coe cients which produce a model that matches the provided data.

2.3.3 Arti cial Neural Networks

As mentioned in Section 1.1, Lu et al [14] and Yao et al [15] showed that neural networks
were better able to handle the nonlinearities often present in strain gauge-based loadcells
than other methods. In this study neural networks will be focused on as the calibrating
method of choice. The relevant literature is further expanded in Sections 2.5 and 3.8.
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2.4 Data Synthesis Approaches

In order to calibrate (synonymous with \train" and \t" from here on) a data-driven
inverse model of a system, data adequately describing the system's dynamics is required.
An ideal dataset is one that gives equal attention to all possible values in the output
space - i.e. where the statistical distribution is as uniform as possible. Here, the real and
simulated methods seen in the literature are considered and compared.

2.4.1 Real Methods

Real data creation methods involve physical systems generating forces on real prototypes
of the force plate, which must then be captured by a sensor and logged. The methods
considered are detailed below and compared in Table 2.1.

Reference-mounted

As described in [17], the test plate is placed on or mounted to a su ciently large and
accurate commercial force plate, as shown in Figure 2.14. Forces applied to the prototype
plate will then be transferred to the underlying plate, and will be equal at steady state.
This approach has signi cant downsides however, in that the reactive dynamics of the two
plates are coupled, and any structures behaving as energy stores or sinks - be they inertial,
spring, or damping e ects, as well as hard nonlinearities (such as bolt hole hysteresis) -
present in the top plate will result in discrepancies in the instantaneous forces experienced
by the two plates. These e ects tend to make the upper plate behave like a mechanical
low-pass Iter, making the lost frequencies unrecoverable.

Figure 2.14: An illustration of the reference-mounted test setup, showing a side view. In
this arrangement, a prototype plate is placed above a reference plate.
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Machine-mounted Reference

The prototype plate is mounted inside a CNC mill or rig whose end-e ector carries a
ground-truth force sensor. By pressing the force sensor on the plate at a known position,
the CoP can be calculated, and the measured force vector will be equal and opposite to
that applied to the plate. It appears that this approach is utilised by AMTI to calibrate
their plates, by covering a 255-point grid with 5 load levels at each [10].

Sferrazza and D'Andrea [42] achieved excellent results by applying this approach to the
problem of data creation for their optical force sensor. A force/torque sensor was at-
tached to the end-e ector of a CNC mill as ground-truth, and the prototype sensor held
stationery on the milling bed, as shown in Figure 2.15. A very similar arrangement could
be utilised to automate data synthesis for a force plate.

Figure 2.15: An image of the setup used by Sferrazza and D'Andrea to automate data
creation for their optical force sensor [42].

Floating Reference

In this setup, a known mass or a force sensor is used as the reference, which is pressed
against the test plate. A grid overlaid on the test plate can be used to establish the
centre of pressure of the applied force. This approach was used by Batrtlett et al in their
validation of the Nintendo Wii Balance Board [60], as shown in Figure 2.16.
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Figure 2.16: Images of the oating reference-style setup used by Bartlett et al to assess
the validity of the Nintendo Wii Balance Board. In order to create a point force, an acorn
nut was attached to the end of the bar holding the weights, as shown inset left [60].

Summary

The capabilities, advantages and disadvantages of the methods considered are summarised
in Table 2.1. The machine-mounted approach requires the most up-front cost, but the
least human involvement, while the reference-mounted approach o ers the most con-
venience in terms of allowing a wide range of possible test scenarios with little setup
complexity, though with the drawback of inherent inaccuracies arising from the reactive
dynamics of the plates.

Table 2.1: Comparison of the potential methods for real data creation.

Name CoP  Advantages Drawbacks

Reference-mounted Yés Simple to setup  Requires continual human input;
potential for errors on account of
dynamic / temporal physical e ects

Machine-mounted Yes Automated, low Complex setup, potential for posi-
Reference potential for tem- tional errors if not su ciently rigid

poral e ects
Floating Reference Manual Simplest setup Slow, manual process - reference

must be moved to new position; no
reference frame alignment

! Possible only if the height of the contact surface is constant or forces are only applied
in the vertical direction [61]
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2.4.2 Simulated Methods

Simulated data creation methods produce synthetic data from a forward model of the
system at hand. In this study, such a model would estimate the measurements which
a real force plate would generate if a given force vector were applied to it. Because of
their low cost to create, alter, and run, simulations are a very attractive method of data
creation. This is particularly true for data-based tasks where labelling is expensive or
time-consuming. Simulations additionally o er a cheap alternative to physical design
revisions.

Kadian et al [62] show that training data derived from su ciently-realistic simulations
can improve the performance of models in the real world. This approach has been em-
ployed across numerous elds including robotics [63] and computer vision [64] to reduce
dependency on real data for model training - though it has the drawback of needing to
be validated against reality. Here, possibilities for simulated data creation approaches for
force plates are investigated and compared.

First-Principles Statics and Dynamics

The study of mechanics can broadly be broken into statics, which concerns the behaviour
of bodies in static equilibrium, and dynamics, which concerns the behaviour of bodies in
motion [65]. In both approaches, it would drastically ease the creation of a simulation if
the plate system is simpli ed to a rigid body supported by spring elements, as illustrated
in Figure 2.17.

Figure 2.17: lllustrations showinga) a simpli cation of the plate to a rigid body system
supported by springs, andb) the corresponding free body diagram. Note that the sup-
ports must be deformable, or the system is overconstrained.

In the statics approach, all simulated measurements are treated as being taken in steady
state. For simplicity, all elements would be approximated as rigid and massless - that
is, material deformation is ignored and the e ects of inertia are treated as negligible. If

28






	Introduction
	Study Background and Context
	Related Work
	Problem Definition
	Project Objectives and Outputs
	Force Plate Hardware Design
	Calibration and Data Creation Rig
	Inverse Force Plate Model

	Scope and Limitations
	Dissertation Outline

	Literature Review
	Force Sensing
	Direct Ground Reaction Force-sensing Systems
	Inertial Systems
	Visual Systems
	Commercially-available Force Transducers
	Summary

	Force Plates
	Force Plate Design
	Lower-cost Force Plate Designs

	Force Plate Calibration Approaches
	Linear Calibration
	Regression and the Method of Least Squares
	Artificial Neural Networks

	Data Synthesis Approaches
	Real Methods
	Simulated Methods

	Inverse Modelling for Physical Systems
	Analytical / Physics-only Methods
	Learning Methods
	Residual Learning Methods
	Transfer Learning Methods


	Methodology
	Research Approach
	Simulating the Force Plate
	Real Force Plate Data Collection
	Plate Testing and Verification
	Metrics Utilised
	Coordinate Systems
	Proof of Concept Prototype Plate
	Full-Scale Prototype Plate and Related Tools

	Machine-Learning Testing Environment
	Theory of Machine Learning Development
	Classical Machine Learning Methods
	Neural Network Optimisation Methods
	Regularisation Methods
	On Learning Rates and Schedulers


	Plate System Prototyping and Design
	Initial Proof of Concept
	Plate Hardware
	Data Creation
	Model Design
	Results and Discussion

	Intermediate Plate Designs and Design Tests
	Intermediate Plate 1
	PoC Plate Revision
	Intermediate Plate 2
	Intermediate Plate 3

	Design-Guiding Decisions and Constraints
	Plate Geometry and Configuration - External
	Plate Geometry - Internal
	Simulated Layout Testing Procedure
	On Finding an ``Optimal'' Layout
	Summary and Results
	Robustness Testing

	Hardware Design
	Top and Bottom Plates
	Support Elements
	Loadcell Holders
	Assembly

	Signal Conditioning and Capture
	Sensor Excitation and Amplification
	Data Acquisition / Digitisation


	Data Creation
	Simulation Development
	Plate Physics and Configuration
	Modelling Loadcell Output
	Loadcell Dynamics
	Simulation Testing and Verification

	Simulated Data Creation
	Data Range
	Data Coverage

	Data Creation Rig Development
	Requirements
	Hardware
	Control
	Results

	Real Data Creation Process
	Force Development
	Real Data Creation Routines
	Data Processing
	Results


	Force Plate Model Development
	Data Scaling and Pre-Processing
	Training Methodology
	Classical Model-Specific Factors
	Neural Network-Specific Factors

	Classical Model Architectures
	Linear Regressor (LR)
	Gradient Boosted Decision Tree (GBDT) Model

	Neural Network Model Architectures
	Base Network Topology and Layer Composition
	Vanilla ANN (VANN)
	Physics-informed Residual ANN (RANN)
	Feature-Extracted ANN (FEANN)

	Summary of Model Development Results
	Real-World Validation Testing and Results
	AMTI-based Test Dataset
	AMTI Test Results


	Conclusion
	Discussion
	Accuracy
	Affordability

	Recommendations for Future Work
	Plate Design
	Plate Testing Improvements
	Automatically-calculated clinical metrics

	Final Summary

	Ethics Approval and Consent Forms
	Plate Layouts Considered
	Force Plate Technical Drawings

